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l. Cosmology




Evidence for Dark Matter

Lots of experimental evidence for the existence of dark matter particles

® (Galactic Rotation Curves
® Velocity Dispersions of Galaxies
® Gravitational Lensing

o CMB

® Structure Formation

Relic abundance measured:

Qpah® ~ 0.11

Production Mechanism?
Candidate which gives correct relic abundance!
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Production by “Freeze-Out”

Interactions with Standard Model particles keeps the Dark Matter in thermal equilibrium with the
early universe bath as long as the interaction rate exceeds the expansion rate.

H(T) < n(T){ov)

Visible
The evolution of the number density is given by the Boltzmann equation: Sec;;’t':.:?M
d
—n+3Hn = —(n*—n2)(ov
- (n? = n2,) (o)

Convention is to re-write in terms of co-moving number density (orYield): Y =n/s 1z =m/T

dY s(ov
o= 1<,_[ ! (Y2 — sz) Boltz suppression

L L because for a massive
— particle is becomes hard
to produce a particle
anti-particle from the
bath once the
Tewmperature falls below

the mass
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Alternatives to Freeze-Out

Visible

WI M PS: Sector+DM

T

What if Dark Matter is initially decoupled from the thermal bath?

[L. Hall, K. Jedamzik, J. March-Russel, S.West arXiv:0911.1120]
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Alternatives to Freeze-Out

Visible
WI M PS: Sector+DM

T

What if Dark Matter is initially decoupled from the thermal bath?

[L. Hall, K. Jedamzik, J. March-Russel, S.West arXiv:0911.1120]

FIMPs: Visible
Sector A @

“Feebly Interacting Massive T
Particles”

Feeble interaction allows for a new production mechanism:

Freeze-In
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Bath Particle

N\
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Visible

Freeze-In

Bath Particle
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Freeze-In

Bath Particle
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Visible

Freeze-In

Bath Particle

N\

Y

Parametrically opposite
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Visible

Sector

Dark Matter is feebly coupled to the visible sector but has strong couplings to
particles in its own (hidden) sector such that it is in thermal equilibrium with a
hidden sector bath.
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An Obvious Extension

Visible Hidden

Sector Sector +DM
T T<<T

Dark Matter is feebly coupled to the visible sector but has strong couplings to
particles in its own (hidden) sector such that it is in thermal equilibrium with a
hidden sector bath.

What are the possible production mechanisms of
“Hidden Sector Dark Matter”

Cosmology arXiv:1010.0022
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Hidden Sector Dark Matter

A General Set Up:

Visible
Sector

Hidden
Sector ¢
T<<T

S|

T

® FEach sector contains its own self interactions sufficient to maintain thermal equilibrium
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X X

® FEach sector contains its own self interactions sufficient to maintain thermal equilibrium

® There exists a stabilizing symmetry. Take X/X’ to be the lightest particle in the visible/hidden
sector charged under the stabilizing symmetry m > m’
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Hidden Sector Dark Matter

A General Set Up:
Visible Hidden

Sector X = X'+... Sector ¢ T’
T<<T
X’

-
X

® FEach sector contains its own self interactions sufficient to maintain thermal equilibrium

® There exists a stabilizing symmetry. Take X/X’ to be the lightest particle in the visible/hidden

sector charged under the stabilizing symmetry. m > m’

® There exists a small coupling between the two sectors mediating the decay X — X'+...

® Coupled Boltzmann equations: Decay rate of X to X’
~ free parameter
d
il +3Hn = —(n®—nZ){ov)—Tn
d / / 12 12 /
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Hidden Sector Dark Matter

A General Set Up:
Visible Hidden

Sector X = X' +... Sector ¢ T’
T T<<T

X X

® FEach sector contains its own self interactions sufficient to maintain thermal equilibrium

® There exists a stabilizing symmetry. Take X/X’ to be the lightest particle in the visible/hidden

sector charged under the stabilizing symmetry. m > m’

® There exists a small coupling between the two sectors mediating the decay X — X'+...

® Coupled Boltzmann equations:

d 2 2

pri +3Hn = —(n" —ng){ov) —I'n
in' +3Hn = —(n”?—nZ2){ov) +TIn
dt e ’

® Seven dimensional parameter space: , ,
{m, m <0'U>7 <UU> 757 Ty 6}
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Two-Sector Cosmology

® |dentify reconstructable Dark Matter production mechanisms.

d

ik +3Hn = —(n*—n2){ov)—Tn
d / / 12 12 /
il +3Hn' = —(n* —ng){ov) +In,

® |dentify dependance of dominating production mechanism on the
parameter space.

{m,m’, (ov), (ov), &, T, €}
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Two-Sector Cosmology
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The free parameter Calculable
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Two-Sector Cosmology

General behavior can be understood in terms of size of portal coupling
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Portal coupling

< X lifetime
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Two-Sector Cosmology

General behavior can be understood in terms of size of portal coupling

Multi-Component: X is stable,

sectors fully decoupled, X and X' Freeze-In: X decays while it is still in
comprise DM via FO and FO’ thermal equilibrium

A E—

Freeze-Out and Decay: X Freezes Single Sector: X decays so quickly
out and late decays to X’ that the visible and hidden sectors

are thermalized at the weak scale.

Portal coupling

X lifetime

<

We see this numerically by solving the Boltzmann equations...
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F+—+—+—> Hidden Sector Freeze-Out
J.L Feng, H.Tu, H.B.Yu hep-ph/0404198
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I m = 100 GeV
m =50 GeV
T =1sec
107 ¢ E
= _ X is very long lived,
g sectors effectively
10-9 f i decoupled
FO’
10712 & k _
10_15?\ . . il L \ Lo | =
1 100 104
m/T

0.01
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F+—+—+—> Hidden Sector Freeze-Out
J.L Feng, H.Tu, H.B.Yu hep-ph/0404198

XYield
1c / - ]
/ &uv= 1/100 :
V — n/s <ov>= 9.6x1072°cm’sec™!
0.001 L — <ov> = 9.6x107 cm’ sec”! ]
B: m = 100 GeV
m =50 GeV
T =1sec
107 ¢ E
= _ X is very long lived,
g sectors effectively
1079 f i decoupled
FO’
10712 3 k _
10_15?\ ' il ' L | . Ll =
0.01 1 100 10*
m/T

X’Yield in terms of visible sector
variables s(T) and m/T
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F—+—+—+—> Hidden Sector Freeze-Out

J.L Feng, H.Tu, H.B.Yu hep-ph/0404198

<ov>= 9.6x10%cm
<ov> = 96x10%cm

m = 100 GeV

m =50GeV
T =1 sec

3
3

sec

sec

1
1

\ro
10—12 ?

10715 & . ] . e

0.01 1 100
m/T

10*

X is very long lived,
sectors effectively
decoupled
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F+—+—+—> Hidden Sector Freeze-Out
J.L Feng, H.Tu, H.B.Yu hep-ph/0404198

e - | |
; Euv= 1/100
<ov>= 9.6x10°cm’sec”!
0.001 L <ov> = 9.6x107" cm’ sec™! |
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m =50 GeV
T =1sec
107 ¢ E
¥ _ X is very long lived,
g sectors effectively
107 — i decoupled
N
10-12 3 |
\ L =
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10715 & | . A W . e . .
001 1 100
m/T
1 m ,
—  Focus on the case where FO’ occurs before FO
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Tro Eror M
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F+—+—+—> Hidden Sector Freeze-Out
J.L Feng, H.Tu, H.B.Yu hep-ph/0404198

' ' \
1s E
; Euv= 1/100
<ov>= 9.6x10°cm’sec”!
0.001 L <ov> = 9.6x107 cm’ sec™! ]
YR m = 100 GeV
m =50 GeV
T =1sec
107 ¢ E
¥ _ X is very long lived,
g sectors effectively
1079 & i decoupled
SO
10-12 3 |
L . Ly ] =
10*

dominates over FO

10715 = N W e
0.01 1 100
m/T
/ . . . ’
(ov)" << (0v) Hidden sector interactions not too strong so that FO
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F+—+—+—> Hidden Sector Freeze-Out
J.L Feng, H.Tu, H.B.Yu hep-ph/0404198

' ' \
1 3 3
Y =n/s <ov>= 9.6x107% cm’ sec”
0001 L — <ov> = 9.6x107%cm? sec™! ]
. m = 100 GeV
m =50 GeV
T =1 sec
1076 = E
<
=
107° = E
FO’
10—12 L k _
1075 & | . . N L N =
0.01 1 100 10%
m/T
EFor

“Freeze out with hidden sector variables’:
/
X
/
FO m'(ov)’
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F+—+—+—> Hidden Sector Freeze-Out
J.L Feng, H.Tu, H.B.Yu hep-ph/0404198

! ! I
1 3 3
Y — n/s <ov>= 9.6x107% cm’sec™!
0.001 & —— <ov> = 9.6x107%cm? sec™! ]
. m = 100 GeV
m =50 GeV
T =1 sec
107¢ ¢ 3
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=
107° = E
FO’
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0.01 1 100 104
m/T
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EFor

“Freeze out with hidden sector variables’:
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X
/
FO m'(ov)’
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Freeze-Out and Decay
(Same mechanism but different setup from SuperWIMPs)

I I B

FO&D
' &uy = 1/100
0001 b I <ov>= 9.6x10725cm’sec”! |
' <ov> = 9.6x107 P cm?sec™!
m = 100 GeV
107 ¢ m = 50 GeV |
T =10sec
§ 107 ¢ X decay’s after FO
10712 ¢ E
10755 ¢ E
10—18 \ L Lol L Lol l .
1 100 104 108
m/T

0.01
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Freeze-Out and Decay
(Same mechanism but different setup from SuperWIMPs)

IR

FO&D
0001 F Y <ov>= 96x107%°cm? sec”! |
R <ov> = 96x107P cm’sec™!
m = 100 GeV
i m = 50 GeV |
T =10 sec
g 10—9 ; _
10—12§ f -
10—15; -
0—18 Ll . Ll L
1 100 10% 108
m/T

0.01

(ov) << (ov)
FO’ subdominant
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Freeze-Out and Decay
(Same mechanism but different setup from SuperWIMPs)

I I B

FO&D
0001 L 14 <ov>= 96x107%°cm? sec”! |
R <ov> = 9.6x107P cm’sec™!
m = 100 GeV
106 b m = 50 GeV |
T =10sec
5 107
10712 ¢ E
10—15 3 -
10—18 \ . Ll . Ll \ Ll L
0.01 1 100 10% 108
m/T
/
rFogD = YFO

Every X decay yields exactly one X’:
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Freeze-Out and Decay
(Same mechanism but different setup from SuperWIMPs)

I I B

FO&D
0001 L 14 <ov>= 96x107%°cm? sec”! |
R <ov> = 9.6x107P cm’sec™!
m = 100 GeV
106 b m = 50 GeV |
7 =10sec
;5 107° ; =
10712 ¢ E
10—15 3 -
10—18 | | Ll | Ll Lot
0.01 1 100 108
m/T
/ m/
X
FO&D m(av)

Every X decay yields exactly one X’:
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Freeze-Out and Decay
(Same mechanism but different setup from SuperWIMPs)

I I B

FO&D
0001 L Y <ov>= 9.6x107%cm’ sec”! |
R <ov> = 9.6x107P cm’sec™!
m = 100 GeV
o5 m = 50 GeV |
T = 10sec
;5 10—9 % _
10712 ¢ 3
10—15 3 -
10—18 \ . Ll . Ll . Ll L
0.01 1 100 104 108
m/T
Y/ Y, Q o
— FO 0.
FO&D '::> m(av)

Every X decay yields exactly one X’:

Reconstructable by measuring: m,m’, (ov)
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Freeze-In

0.001 ¢

1076 &

1079 ¢

Y(x)

10712 ¢

10715 ¢

10—18 \
0.001

Euyv = 1/800
<ov>= 96x107%°cm’*sec! |
<ov> = 9.6x107 2 cm? sec™!

m = 100 GeV

m = 50 GeV

7 =107" sec

m/T

1000
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Freeze-In

le o
gUV = 1/800
4 26 .3 . 1
0.001 - <ov>= 96x107"cm’sec”
<ov> = 96x10728 cm’ sec™?
m = 100 GeV
1076 ¢ m = 50 GeV
T =107 sec
RPN
>_‘ 10 E
Y/
10712 ¢
1071 ¢
10-18 L Lol Lol
0.001 10 1000

m/T

Note for Fl to be effective it
must occur after FO’
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Freeze-In

I
0.001 ¢
1076 ¢
X a9
> 10
Y/
10712 ¢
10715 ¢
10718 -
0.001

0.1

<ov>= 96x10%%cm’sec”! |

<ov> = 9.6x107 2 cm? sec™!
m = 100 GeV
m = 50 GeV
7 =107" sec

10

m/T

Decay term dominates the Boltzmann equations:

1000




f Freeze-In

1 o
Y
0.001 | <ov>= 9.6x1072%cm?sec”! 1
<ov> = 9.6x107 2 cm’ sec!
m = 100 GeV
1076 m = 50 GeV
=107 sec
§ 107°
Y/
10712 ¢
1071 ¢
10-18 L Ll Ll Ll Ll
0.001 0.1 10 1000 10
m/T
. . Y/ 1 !
Decay term dominates the Boltzmann equations: Yr1

i m
- |::> 0 o —
/ 3/2

Qparh? ~ 0.11 |::> T~ (4x107%5) <m> <1OOG€V> (228-5>

m m Jx

Reconstructable

Lyr ~ 10° meters X decays could be seen in detectors.
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I e e Sector Equilibration

Single Sector

Connector operator couples the sectors so strongly that they come into thermal equilibrium.

E=T'T ~ 1
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I e e Sector Equilibration

Single Sector

Connector operator couples the sectors so strongly that they come into thermal equilibrium.

E=T'T ~ 1

What is the minimum possible lifetime that corresponds to equilibration?
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I e e Sector Equilibration

Single Sector

Connector operator couples the sectors so strongly that they come into thermal equilibrium.
E=T'T ~ 1
What is the minimum possible lifetime that corresponds to equilibration?

Freeze-In decays “leaks” energy from the visible to the hidden sector resulting in a calculable
dependence between the hidden and visible sector temperatures:

54(T) — fév + fflR(T)
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I e e Sector Equilibration

Single Sector

Connector operator couples the sectors so strongly that they come into thermal equilibrium.
E=T'T ~ 1
What is the minimum possible lifetime that corresponds to equilibration?

Freeze-In decays “leaks” energy from the visible to the hidden sector resulting in a calculable
dependence between the hidden and visible sector temperatures:

54(T) — fév + fflR(T)

From the change in hidden sector energy density due to Fl:

Mp I
. ) = AL s
Yer(T) oc I't o - p . . .
T Er(T) =~ &r(M) (T < m) Since Fl is exponentially

switched off
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T

—+— Sector Equilibration

Single Sector

Connector operator couples the sectors so strongly that they come into thermal equilibrium.

§=T/T~1
What is the minimum possible lifetime that corresponds to equilibration?

Freeze-In decays “leaks” energy from the visible to the hidden sector resulting in a calculable
dependence between the hidden and visible sector temperatures:

54(T) — fév + fflR(T)

From the change in hidden sector energy density due to Fl:
Mp I’
T2

fIR(T) ~ &R(m) (T < m) Since Fl is exponentially
switched off

(T > m)

ffLR(T) = A

I'Mp;
Vi(T) oc Tt oc — = =P {

Freeze-In decays are strong enough to equilibrate the two sectors if:

SIR(T ~ m) =1

100 GeV \ ? 100
'=> Tmin = 10_13 S ( ) ( / )
m 9.(T =m)/gx
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FO’ FO&D Fl Single Sector

Could there be other effects due to the presence of multiple source terms in the
Boltzmann equations?

H crit

(ov)'s
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Could there be other effects due to the presence of multiple source terms in the
Boltzmann equations?

X’ source term
driving Fl or FO&D
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Complete!?

FO’ FO&D Fl Single Sector

Could there be other effects due to the presence of multiple source terms in the
Boltzmann equations?

d Y® TY , H
CC@Y/ ~ — ; + o orit| =

/ crit

X’ annihilations

(ov)'s

X’ source term
driving Fl or FO&D
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FO’ FO&D Fl Single Sector

Could there be other effects due to the presence of multiple source terms in the
Boltzmann equations?

d Y® TY , H
CC@Y/ ~ — ; + o orit| =

/ crit

X’ annihilations
Ilgnored in Fl and FO&D analysis

X’ source term
driving Fl or FO&D
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Complete!?

FO’ FO&D Fl Single Sector

Could there be other effects due to the presence of multiple source terms in the
Boltzmann equations?

xiy,N_Y’QJrFY S
d« Y. H T {ov)'s

/

X’ annihilations
Ilgnored in Fl and FO&D analysis

X’ source term
driving Fl or FO&D

Final abundance dominated by Freeze-In Changing parameters...

e T f HRRRN T g g T
0.001 3 3 0.001 ¢
1070 ¢ 3 1076 ¢
Z 10 Z 107
= < 10
10712 1 E 1072 ¢
1071 ¢ E 10715
10-18 Lt RN L L 18 ol
0.001 0.1 10 1000 103

myosp/T
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d Y? TY

Re-Annihilations -tv=-2--

crit

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

H

s(ov)’

—Y/

crit

Recall X’ is in thermal equilibrium as longas Y’ >
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’
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d Y? TY

Re-Annihilations «iv=-2--

crit

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

H

s(ov)’

Recall X’ is in thermal equilibrium as longas Y’ > =Y. .
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

Of course these Re-Annihilations will start to decrease the X’ abundance (a second FO’)
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d Y? TY

Re-Annihilations «iv=-2--

crit

H

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

s(ov)’

—Y/

crit

Recall X’ is in thermal equilibrium as longas Y’ >
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

Of course these Re-Annihilations will start to decrease the X’ abundance (a second FO’)
We call this competing behavior between X’ annihilations and X decays Quasi-Static Equilibrium (QSE)
Analytically QSE corresponds to the balancing of the source terms in the Boltzmann equations. ry ry

Y/2 — —Y/- -
QSE H crit <O"U>/S
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Recall X is in thermal equilibrium as long as
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

Re-Annihilations

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

s(ov)’

—Y/

crit

d
r—Y' ~ —

dx

Y/2

Y/

crit

+FY
H

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

Of course these Re-Annihilations will start to decrease the X’ abundance (a second FO’)

We call this competing behavior between X’ annihilations and X decays Quasi-Static Equilibrium (QSE)

Analytically QSE corresponds to the balancing of the source terms in the Boltzmann equations.

Y(%)

0.001 &

107 ¢

1077 ¢

10717 ¢

10715 ¢

£y = 1/800

<ov>= 9.6x107% cm3sec”

<ov> = 96x107 8 cm
m = 100 GeV

m = 50 GeV

3 sec”

—
—

7 =107 sec

—

1
1o

10

m/T

| . P S
1000 10°

12
YQSE

'Y

H

/

crit —

'Y

(ov)'s
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d Y? TY

Re-Annihilations «iv=-2-+X

crit H

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

s(ov)’

. /
— chm't

Recall X’ is in thermal equilibrium as longas Y’ >
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

Of course these Re-Annihilations will start to decrease the X’ abundance (a second FO’)
We call this competing behavior between X’ annihilations and X decays Quasi-Static Equilibrium (QSE)

Analytically QSE corresponds to the balancing of the source terms in the Boltzmann equations. ry ry

R V4

2
Y(/QSE — H crit

(ov)'s

£y = 1/800

QSE will be maintained as

long as

/
QSE -~

0.001 &

10717 ¢

10715 ¢

<ov>= 9.6x107% cm3sec”
3

<ov> = 96x107 8 cm
m = 100 GeV

m = 50 GeV

1

sec”

—
—

7 =107 sec

—

I

-

m/T

| . i W
1000 10°
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d Y? TY

Re-Annihilations «iv=-2-+X

crit H

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

s(ov)’

—Y/

crit

Recall X’ is in thermal equilibrium as longas Y’ >
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

Of course these Re-Annihilations will start to decrease the X’ abundance (a second FO’)
We call this competing behavior between X’ annihilations and X decays Quasi-Static Equilibrium (QSE)

Analytically QSE corresponds to the balancing of the source terms in the Boltzmann equations. ry ry

R V4

2
Y(/QSE — H crit

(ov)'s

Ends whenY’ falls below the
critical yield at T,

Yosu(T) = Y (Tr)\

crit
107 ¢

£y = 1/800
1

<ov>= 9.6x1072cm®sec” §
3 (I

<ov> = 96x1072 cm? sec”

m = 100 GeV
m=50GeV -~

7 =107 sec

—

Y(%)

1077 ¢

10712 ¢ \ i
£ \
\
\ !
I (Y)osE
10715 ¢ ' :
10718 . L . L . Ll . A
0.001 0.1 10 1000 10°

m/T

Tuesday, October 18, 2011



d Y? TY

Re-Annihilations «iv=-2-+X

crit H

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

s(ov)’

—Y/

crit

Recall X’ is in thermal equilibrium as longas Y’ >
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

Of course these Re-Annihilations will start to decrease the X’ abundance (a second FO’)
We call this competing behavior between X’ annihilations and X decays Quasi-Static Equilibrium (QSE)

Analytically QSE corresponds to the balancing of the source terms in the Boltzmann equations. ry ry

/

2
Y(/QSE — H crit

1 (ov)'s
Ends when Y’ falls below the ?
. : y £y = 1/800
critical yield at T, oo | <ov> = 96x10 em’sec |
/ _ / \ <ov> = 96x10®cm’sec™! ]
YQSE(Tr) = You(Th) m = 100 GeV Resulting in a modified

-

m=0CeV -7 (smaller) Fl yield
T =10""sec ]

- which we call Fl,
E / . /
3 FI, — crit (TFIr )

107 ¢

Y(%)
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10712 ¢ \ i
£ \
\
\ !
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10718 . L . L . Ll . A
0.001 0.1 10 1000 10°
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d Y? TY

Re-Annihilations «iv=-2-+X

crit H

Multiple source terms can result in a modification of the Fl and FO&D abundance

H

s(ov)’

—Y/

crit

Recall X’ is in thermal equilibrium as longas Y’ >
FO’ occurs when: H ~ Y's(ov)’

The source term driving Fl (or FO&D) will increase theY’

lfY’ is increased to the point that the annihilation rate in the hidden sector exceeds the expansion rate, hidden
sector annihilations will once again be active and X’ will “fall back in thermal equilibrium” with the hidden sector.

I : As sv increases Yerit
Of course these Re-Annihilations will start  deereases and we stayin  1ance (a second FO’)

QSE longer so that the

We call this competing behavior between final yield is smaller. ecays Quasi-Static Equilibrium (QSE)
Analytically QSE corresponds to the balal  in the Boltzmann equations.
v Iy _, 'y
y - y QSE — H crit — <O"U>/S
Ends whenY’ falls below the | ”f 17800
critical yield at T, .- r cov s = U;ﬁxlo_ze em® sec! |
/ _ / \ <ov> = 96x10®cm’sec™! ]

YQSE(Tr) = You(Th) m = 100 GeV Resulting in a modified

1074 & :1393(}6\]/,/// (smaller) Fl yield
= ~secC
T which we call Fl,
< 1070 E ! /
S f / FI, — Lecrit (TFIr>
12 | 1 1 1
10 \\ Yl — C
\\ ] Fly O Mp1<0'2}>, TYFIr > m(av)’
! (Yqse
il Not Reconstructable
1018 L L el T S
0.001 0.1 10 1000 10°

m/T
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Freeze-Out and Decay with Re-Annihilation
(FO&Dr)

T
Y _ 26 3. 1
0.001 © <oV >' = 9.6x107“° cm’ sec ]
i <ov> = 9.6x107 cm’sec™!
m = 100 GeV
m = 50 GeV
102
1077 ¢ Yield increases with T =10""sec -
-y lifetime. As lifetime ]
increases decay happens
S for larger Yerit and
- therefore larger final
1071 ¢ yield. -
} Modified Yield
1075 ¢ 3
-19

1§O&:Dr — c/rit(TFO&Dr) ':> I*LO&Dr = Cro Mp X <JU>/

Not Reconstructable
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Multi-Component: X is stable,
sectors fully decoupled, X and X’
comprise DM via FO and FO’

A E— —

Single Sector: X decays so quickly
that the visible and hidden sectors
are thermalized at the weak scale.

FO&D and Fl are in principle
reconstructable as long as yield is not
modified by re-annihilations.

Portal coupling

Summary

<

<

X lifetime

Freeze-In: X decays while it is still in

thermal equilibrium

Freeze-Out and Decay: X Freezes
out and late decays to X’

1
FO&D X
m{ov)
/ 1
) .
/ fFO’
FO’ m’(av)’
/ 1
FI, X
m{ov)’
]FI‘O&Dr X \/F
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Multi-Component: X is stable,
sectors fully decoupled, X and X’
comprise DM via FO and FO’

A E— —

FO&D and Fl are in principle
reconstructable as long as yield is not
modified by re-annihilations.

Portal coupling

Summary

<

<

X lifetime

Freeze-In: X decays while it is still in

thermal equilibrium

Freeze-Out and Decay: X Freezes
out and late decays to X’

Single Sector: X decays so quickly
that the visible and hidden sectors
are thermalized at the weak scale.

1
FO&D X
m{ov)
/ 1
) .
/ fFO’
FO’ m’(av)’
/ 1
FI, X
m{ov)’
]FI‘O&Dr X \/F

Next: what does parameter
space look like?

{m, m’, {ov), (ov)’, &, T, €}
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Cosmological Phase Diagrams

= (ov)g = 3 X 10—26 cm3/s

m = 100GeV, m’ = 50GeV

oun
m{ov) o
/ 1
(X —_—
FI
Tm? o
/ EFor
FO! m!{ov)’ 10!
/ 1 <
FI, X , § 1
m{ouv) A
/ T
FO&D, X VT 107"
(ov)’
+ 1072
ror(T) ~ &y + )

1073

10714 10712 10710 1078 1076 1074 1072 1 102
T [sec]
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Cosmological Phase Diagrams
(ov)

= {ov)g = 3 x 10726 cm3/s

m = 100GeV, m' = 50GeV

fon o = on

m{ov)
/ 1
) S,
/ Ero/
FO’ m’(av)’
/ 1 <
FI, X - |

m{ouv) B

P/‘O&Dr X \/F

(ov)’

Numerical contour of
fixed relic abundance.

10714 10712 10710 1078 1076 1074 1072 1 102
T [sec]
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Cosmological Phase Diagrams
(ov)

= (ov)g = 3 x 10720 cm?3/s

m = 100GeV, m' = 50GeV

]:_‘/‘O&D X ! Suv = 0.01
miov)| .
, 1
(X _
FI 2
Tm 102
fFO’ BBN bound
/ / [M. Kawasaki, K. Kohri,
FO m’ <(7U>’ 10! T. Moroi, A.Yotsuyanagi
arXiv:0804.3745]
/ 1 §
FI, X ; =
m{ov) =
/ T )
FO&D: X VT 0™
(o)’
+ 102

1073

10714 10712 10710 1078 1076 1074 1072 1 102
T [sec]
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Cosmological Phase Diagrams
(ov)

= (ov)g = 3 x 10720 cm?3/s

m = 100GeV, m' = 50GeV

o o — v = o

miov)| .
/ 1

(X —_
Fl Tm?2 o
/ Eror
FO! m!{ov)’ 10!
/ 1 <
FI, X , § 1
m{ouv) A

/ T
FO&D: X VT 107!

(ov)’

Thermalization bound

100 GeV'\ 2 100
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Talk about contours and

Cosmological Phase Diagra =
(ov)

1
FO&ED X
m{ov) o
/ X 1
Fl Tm? o
/ gFO’
FO’ m’(av)’ 0
/ 1 <
FI, X g
m(ov)" |3
P/‘O&:Dr X \/F 107"
(ov)’

+ 1072
-2

1073

10714 10712 10710 1078 1076 1074 1072 1 102
T [sec]
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Cosmological Phase Diagrams
(ov)

= (ov)g = 3 x 10720 cm?3/s

m = 100GeV, m' = 50GeV

oun
m{ov)

/ 1

) S,

/ Eror

FO’ m’(av)’

/ 1 =

FI, X - |

m{ouv) B

P/‘O&Dr X \/F

(ov)’

10714 10712 10710 1078 1076 1074 1072 1 102
T [sec]

Still need to enforce Dark Matter constraint...
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:

_ Ly (M [100GeVY (22857
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Decays could be seen in detectors.
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1/20<m//m < 1/2
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:
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Getting the Right Relic Abundance
Qparh” ~0.11

Production mechanisms map to distinct window in parameter

(ov )/{oV )

ek

-
O
I

10—4 -

T [sec]

10 GeV <m <1 TeV
1/20<m//m < 1/2

Generating Dark Matter
particle as)

1078 < ¢

Yellow and Purple coor to
getting the right ’M
abundance via particle
anti-particle asym,
which unlike FO and FO’
you can do with Fl and
FOZP since sectors are
therwmally decoupled and

7

thus connector operators
are not in TE. As usual we
need to get rid of the
symwetric part of the
yield (since it is larger by
a factor of 1/epsilon)
which can happen if re-
anhh are active fo get rid

7

of symm component.
Here we have scanned
over epsilon the CP
violation paramfter.
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:
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< 17
g .
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10 GeV <m < 1 TeV measure masses

1/20 < m! Jm < 1/2 ﬁ
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Qprh? ~0.11

Production mechanisms map to distinct window in parameter space:

Getting the Right Relic Abundance
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Getting the Right Relic Abundance
Qparh® ~0.11

Production mechanisms map to distinct window in parameter space:

4 y W S 4 ..(J,(’$
107 - B ,.ic:c nf
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1072 1079 10 10® 107* 1072 1071 1078
T [sec] FO&D. T [sec]
10 GeV <m < 1 TeV measure masses m = 100 GeV

1/20 < m//m < 1/2 ————> 1/4 < m'/m < 1/3

Lifetime ranges are promising for seeing X decays within detectors.
To address “reconstruction” we must choose a more specific model.

Collider Signals arXiv:1010.0024
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ll.Collider Physics




Supersymmetric Model

Assumptions:

® Visible sector is the MSSM,and X'is the LOSP X ¢ {Q,U.D,L.E, H,, Hy;, B*, W*,G*}
® X'is the LSP and is stabilized by R-Parity
® X'isaSM gauge singlet.

® Hidden and visible sectors are connected by gauge invariant dimension five or O X'(1)
lower operators.

SUSY Breaking

Hidden
Sector
X’ = LSP
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Supersymmetric Model

Assumptions:

® Visible sector is the MSSM,and X'is the LOSP X ¢ {Q,U.D,L.E, H,, Hy;, B*, W*,G*}
® X'is the LSP and is stabilized by R-Parity
® X'isaSM gauge singlet.

® Hidden and visible sectors are connected by gauge invariant dimension five or O X'(1)
lower operators.

SUSY Breaking

Hidden
Sector
X’ = LSP

What are the possible Portal Operators!?
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)
7

Gauge invariant dimension < 5 operator Gauge singlet
Need not contain the LOSP!
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

Gauge invariant dimension < 5 operator Gauge singlet
Need not contain the LOSP!

Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

;sent in the MSSM
Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

Higgs Portal (mass mixing) Bino Portal (Kinetic Mixing)

Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

X with odd R parity can couple
to RPV operators.

Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Could be fixed if we want see-saw neutrino masses.

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}

Out of these which operators give the best hope of reconstruction for FO&D and for FI?
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Portal Operators

Choice of R-parity and R-charge of X’ dictates which portal operators are allowed.

O x'(1)

Ok | Ow | HHy | B* | LH, | LH! | LLE,QLD |UDD

R-parity || + | + + — — — — —
R—Charge 0 2 Rl 1 RQ RQ — R1 2 -+ RQ — Rl Rg

Ox = {Q'Q,U'U,D'D, L'L EF'E,H H, HIH;}
Ow = {B*B,,W°W,,G*G.,QH,U QH,D, LH,F}

Out of these which operators give the best hope of reconstruction for FO&D and for FI?

What are the possible LOSP candidates that are allowed and have the best hope of
reconstruction at the LHC?
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Reconstructing FO&D

/
To reconstruct need:  m, m’, (ov)

LOSP Candidates:

FO abundance of LOSP must be large enough:

QO o —- m==0>  LOSP must overproduce by m/m’

Two LOSP candidates in the MSSM:

® Bino with m; <250 GeV ~ m//m; > 1/20

® Slepton with m;_ > 700 GeV — m'/m;, <1/2

X € {8 ¥ XX, E, H, Fy, B, WK}
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Ox = {Q'Q,U'U,D'D,L'L,E'E,HH,, H H,

Ow = {B“B,,W°W,,G*G., QH,U,QH,D, LH,E}
Portal Operators:

No restrictions:

Ok | Ow | HHy | B* | LH, | LH) | LLE,QLD |UDD

R-parity | + + + — — — — —
R—charge 0 2 Rl 1 RQ RQ — Rl 2 + RQ — R1 Rg
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Ox = {Q'Q,U'U,D'D,L'L,E'E,HH,, H H,

Ow = {B“B,,W°W,,G*G., QH,U,QH,D, LH,E}
Portal Operators:

No restrictions:

Ok | Ow | HHy | B* | LH, | LH) | LLE,QLD |UDD

R-parity | + + + — — — — —
R—charge 0 2 Rl 1 RQ RQ — Rl 2 + RQ — Rl Rg

Case of R-parity even LSP:

FO&D
Xo 0+
Operator Charges (X') Decay k Decay k
~ + p— 7t 12 m* )+ + =/
OrX’ (+,0) Xo = T4~ T (4@29)2%7”? = = 0=z 1
~ 0 | p2 g2 2
~ 2 2
- (+,0) oo (L2 | 002 | o . 20k, )
W w
- . 4 ~ -
Yo — £t~ 7 ﬁgfa@% 0+ — 3 1
L
xo — (R0, 2)’ 9)%(%, Qzﬁg% 0+ — 7 g%@
H,HgX' (X/T) +,2—Ry)or (+,R1)| xo— Y7 62\
xh
~ _ ~ 4
X0 — g_‘_g ZU, (471]_)2 g;gggiﬂ%f

1
—)\Qm) k(z — 7' + SM)

™

I'(z— 2 +SM) = <
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Ox = {Q'Q,U'U,D'D,L'L,E'E,HH,, H H,
Portal Operators: Ow = AB"Ba, WiWe, GG, QHLU, QHaD, LH4E
No restrictions:
Ok | Ow | HHy | B* | LH, | LH) | LLE,QLD |UDD
R-parity || + + + — — — — —
R—charge 0 2 Rl 1 RQ RQ — Rl 2 + RQ — Rl Rg
Case of R-parity even LSP:
lj: FO&D
. b. 10 h/ -
X0 —>¢———< [T X0 &
[ T '< ~ Operator Charges (X') Decay k Decay k
X
[ - tp—sY 1 .2 mt )+ + =/
0 x (+,0) (70— €7 a:) sl | o R 1
Xo — (h°, Z)%’ H;Baezﬁgg
- 2 p2 jt + | 1 . 2.9% 93
Ow X’ (+,0) xo — (v, 2)% 95{5,95@ = = 0*(v, 2)3’ TEm (#é’ m—%}
Yo — 0t 3 ﬁg;@z—; it sty 1
Yo (W, 2)F| 05,056 | - O 9rie
HH X (XT)| (4,2 = Ry) or (+,B1)| o> y'7 | 0207
xh
Ko — 07 @gﬁﬂg@%}
I'(z— 2 +SM) = (%Vm) k(z — &' + SM)
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Ox = {Q'Q,U'U,D'D,L'L,E'E,HH,, H H,

Ow = {B“B,,W°W,,G*G., QH,U,QH,D, LH,E}
Portal Operators:

No restrictions:

Ok | Ow | HHy | B* | LH, | LH) | LLE,QLD |UDD

R-parity | + + + — — — — —
R—charge 0 2 Rl 1 RQ RQ — Rl 2 + RQ — Rl Rg

Case of R-parity even LSP:

l:l: FO&D
- bk :
XO X ) o .. l:F X0 Ve=
TT— &
[ T '< ~ Operator Charges (X') Decay k Decay k
L (+,0) (0 — gw-@ gl My | O R 1
O X' ’ X0 (2 xie m;
Xo — (h°, Z)%’ H;Baezﬁgg
B -~ _ 2 2
o (+,0) o= (12| 02,03, | = 05, D) gm0, 0
W v
Xo = 00T | el | B 5T 1
L
o 00,27 .03 ((Foer )| g
H, Hg X' (X")|(+,2 = R1) or (+, R1)| %o — v'¥ 9;;;)‘/2

~ +p—mr |12 2 mt
XO—>€ —x (47]_)29)2[7591@%;}—

1
—)\Qm) k(z — 7' + SM)

™

I'(z— 2 +SM) = (
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Ox = {Q'Q,U'U,D'D,L'L,E'E,HH,, H H,

Ow = {B“B,,W°W,,G*G., QH,U,QH,D, LH,E}
Portal Operators:

No restrictions:

Ok | Ow | HHy | B* | LH, | LH) | LLE,QLD |UDD

R-parity | + + + — — — — —
R—charge 0 2 Rl 1 RQ RQ — Rl 2 + RQ — R1 Rg

Case of R-parity even LSP:

l:l: FO&D
. b 1l h/ - -
XO X ) 9 ~~ l:F X0 ;€:|:
TT— &
[ T '< ~ Operator Charges (X') Decay k Decay k
L (+,0) (w0 — zw—@ gt M| E o A 1
O X' ’ X0 (2 xie m;
Xo — (h°, Z)%’ 925792593
~ 2 2
o (+,0) o= (12| 02,03, | = 05, D) gm0, 0
W v
Xo = 00T | el | B 5T 1
L
Yo (00, 2)%| 02,0508 (( 7~ 3 92,
H, Hg X' (X")|(+,2 = R1) or (+, R1)| %o — v'¥ 9;;;)‘/2

~ +p—mr |12 2 mt
X0—>£ —x (47]_)29)2[7591@%;}—

1
—)\Qm) k(i — & + SM)

™

Portal coupling need not contain the LOSP! -
'z -2 +SM) = (
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Reconstructing Fl

/ : . : : ,
To reconstruct: 772,70, T  * Unlike FO&D it is conceivable to directly measure all three at colliders

LOSP Candidates:

FO abundance must be small ===> Only bino excluded

Portal Operators:

Hidden Sector is rich, additional fields can give a Fl contribution to X 0 x —

Visible Sector Hidden Sector

<

freeze-in

=N

l cascade

freeze-in
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Reconstructing Fl

/ : . : : ,
To reconstruct: 772,70, T  * Unlike FO&D it is conceivable to directly measure all three at colliders

LOSP Candidates:

FO abundance must be small ===> Only bino excluded

Portal Operators:

Hidden Sector is rich, additional fields can give a Fl contribution to X 0 x —

Visible Sector Hidden Sector

<

freeze-in

=N

l cascade

freeze-in
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Reconstructing Fl

/ : . : : ,
To reconstruct: 772,70, T  * Unlike FO&D it is conceivable to directly measure all three at colliders

LOSP Candidates:
FO abundance must be small ===> Only bino excluded

Portal Operators:

. . . No hope of recon because . m

Hidden Sector is rich, additional field ﬂ,el; J’epef,d on?)idde?\u tion to X 0 ——

sector couplings. Hope m=T

they are forbidden by

symmetries.

Visible Se en Sector
g 7
freeze-in

=N
2
~

l cascade

freeze-in
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Reconstructing Fl

LOSP Candidates:

FO abundance must be small ===> Only bino excluded

Portal Operators:

Hidden Sector is rich, additional field 5;‘,’,“},23',’,3"0‘{,:,‘?{‘?*037 tion to X ()
Visible Se en Sector
g 7
freeze-in
x -
Yy
freeze-in l cascade
53/

Any hope? 4 — ' +SM

/ : . : : ,
To reconstruct: 772,70, T  * Unlike FO&D it is conceivable to directly measure all three at colliders
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If only one operator couples the visible and hidden sectors then the coupling for FI of non-LOSPs
can be inferred from the Fl on the LOSP. 5y 7 QM

True also for LH, however
—— L carries flavor index so

o ¥ that amount of couplings
Ok | Ow | H,H,; | B LH, LH, LLE, QLD | UDD e T e
R-parity | + + -+ — — — — — measure is considerably
Rcharge | 0 | 2 | Ri || 1 || Ro |Ro—Ri |2+ Ry Ri| Ry ioresowedont consider
l—_l—
Z:I: Mixing higgsino and
o Higgs Portal: \ / d20 HquX’ -------- dark matter though
W Higgs VEV.
oy ~/
h XL
l:t
o Bino Portal: )\ J420 Be X! . [:_l: _______ Kinetic Mixing of bino
oro | o D and dark matter
b ~/
X

Need to measure everything...

*The portal coupling may be extracted from the slepton lifetime and measurement of the neutralino mass matrix.
* Measure SUSY spectrum and compute the yield of DM from Fl from decays of other superpartners.

*These yields will differ for the Higgs and Bino portals.
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Conclusions

® A thermally decoupled hidden sector provides seven dark matter production
mechanismes:

FO' FO&D FO&D:r FO&D. Fl Flr Fla

® Freeze-out and Decay and Freeze-In have correspond to distinctive windows in
parameter space and depend only on quantities that could in principle be
measured at colliders.

Freeze-Out and Decay (FO&D) Freeze-In (FT)
LOSP Xo, ¢ q, 4, U, g, Xo, X
Operators OX' H,H; X' B*X!
Observables m, m’, {ov) m,m’, T
Range 1072 em? /s < (ov) <107 em?/s | 107* s <7< 107! s
Predicted Relation % =1 m (100 GeV) — 95 g1
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Back Up Slides




Asymmetric Fl, and FO&D,

We have been assuming that DM abundance arises from the symmetric yield: Y’ = (n' +7')/s since n=n

Given no asymmetry at high temperature what conditions are necessary for DM to arise froma 1’ =
particle anti-particle asymmetry?

e X number violation requires hidden sector to contain a global U(1)x
e X decays must be CP violating requires multiple X decay channels

—> ©® Loss of thermal equilibrium

Asymmetry cannot be generated via FO or FO’ since the total annihilation cross section is the same for
particles and anti-particles by CPT.

s it possible generate a non-zero asymmetry via Fl and FO&D?

Yes! Sectors are at different temperatures so processes mediated by connector interactions are NOT in
thermal equilibrium.
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X/

To violate CP requires multiple decay modes for X: A, A,
X X
X fi 12
Ao U(1)x Broken by
As well as a re-scattering vertex: connector operator
/i f2

A non-zero CP violation in X decays results from the interference between tree and loop contributions
to decays: 1 Im(A AZA)
€
167 ’A1’2 —+ ’A2’2

From the Boltzmann equations: 7' = ¢Y’

Since the asymmetric yield is suppressed relative to the symmetric yield in order for the asymmetric yield
to dominate the Dark Matter re-annihilations must be active in order to diminish the symmetric yield.

To get the right relic abundance: m'n’ =4 x 10710 GeV
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Asymmetric Phase Diagrams

Contours of symmetric + asymmetric contributions: Like Fl without

/ re-annihilations

104 104f e = 1072
1012 1012 L
1010 1010 L
_ 10° _ 10%F
= = FI,
§ 108 § 10% |
g 10 £ 10t}
102 102 |
1 11
10_2 10—2 L
1074 ‘ 1074 ‘ ‘
1072\10710 1072 107 10®* 10 10* 102 1 102
T [sec T [S€C
Dominate when [sec] [sec]
re-annihilations
is maximal 1 (ov) = (ov)o = 3 x 107* cm’/s
P"O&D X 1 / X — m = 100GeV, m' = 50GeV
m{ov) H Tm? éov = 0.01
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Collider Signatures of FO&D:

FO&D
Xo r*
o : : . .
Higgs or Bino Portals.. The .domlnant Operator Charges (X') Decay ) Decay N
decay will be 2-body into hidden
- — = 12 mt )+ + 5
sector states. O X' (+,0) Xo = £ | g ig e | 5 o 0 1
2 o / )NCO — (h07 Z)j}/ '9>2~<}*L7 ezﬁg%
)\ d 9 B XOé - ~/ 2 p2 s + ~/ 2090 95
OwX/ (+7O) X0 — (’772)3j 925702111 = =/ (’Ya Z).Z‘ (47T)2m (mg’m—%}
IO To = 00 | Lsg?me | E oty 1
~/ / (4m)2 706 m3
Eint ~ A (CE J + bJ) - 0 sl g2 g2 2[ Gt gt 2
Xo — (h°, 2)x 0%,9%@ = =1~ 930
7 )T HoHaX' (XT)|(+,2 = Ry or (+,R1)| X0 —y'7 | 02,07
J' = Zi:hidden gngzwz - Gt |1 2 2 omd
) Xo =l x ngégglém_;}
~ 1~1 . .
I:> X — Yy X’ is R-Parity Odd
FO&D
So LSP mass must be reconstructed from
subdominant visible decay modes. X0 =
Operator Charges (X) Decay k Decay k
e . Xo— YT 62 g 0+ — =7 e
®  LSP Multiplicities: Hidden sector states e :
. ay/ ~ +p— 1 2 2 m
will cascade down and can produce an B Xa (= 1) Xo = 7073 @ IxieI1em?
odd number of LSPs. %o = (W9, 2)# 0. 6%03
~ ] ~ 9 _ ~ ~/ 2 = + 5 1.2 m?
y/ — x/x/ LH.X! (—,2— R»y) X0 — VT 0% = — (*vx @2 Y;, ¢
Xo = (07 WH)F | g3 i (07,0, 0%)| 05 — (05, WHT| 05 (1,65)
LHUX/T (—,RQ) ” ” ” ”
LHJZX/T (_, RQ . Rl) ” ” ” 9
LHJ;X/ (_7R1 _ RQ) 9 9 ’ 9
LLEX',QLDX'|(—,Ri — R2)| %o — IT1 v& (4#)493224%}1 i+ — (Fvi oy
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X’ is R-Parity Even




Collider Signatures of Fl:

FI
Higgs Portal: H,H X’ Bino Portal: B*X],
LOSP Decay k Decay k
J g — qq’ (4;)29hq m_g g — qq’ (471)29@ f
b — i . v — vi' 91y
; q— qi’ 9 q— qi’ 9ig
Q= g(h0F WO g gd s 2 (1,63)|0 — (B0, WOR)T s gtg v (1, 63)

o X (B WEE | g3(05,5,05) | X5 o (B W g7, (03,6035)

X o vl (47)2gxéygh€£m_; i (47r)29xeyg%18 g;

Xo — (h°, 2)%’ Qihv‘gihfb Xo — (h°, Z2)%' ‘92h 9in: 92h9291h

X0 Xo =~ Y'Y ‘9%5)\/2 Xo =~ Y'Y (9)2259,2

Yo — 0T~ 3 (47T)2 gxwghwm—; Yo — (T (471T)2 gigﬁ@%
/* Ay g2, 0+ = 1+3 92,
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Note: Asymmetric Fl and FO&D are

C O I I i d er S i g N al G harder to reconstruct due to the CP

phase but the same operators and

. . LOSPs apply
° See signal at LHC. X' is R-Parity Even
LTLX' QUHX'
° |dentity of LOSP candidate is
now known. QTRX w2x' LEHX' H,H;X'
HYHX' QDHX'
° What mechanism and what
operator? X’ o, Z, e+t~ Vs Z - o, Z,1%1
_ * £ 1% (7, Z,h°) ,u(W*, h¥) £ I+
° Look up corresponding
portal operator(s). X+t hE, WE hE W I*v hE, W=
, , , U v (1, h, Z2), IF(WT W) (v, Z,hO) 4 (WT, AT IF(hT,WT v(1, R, Z),IF(hTWT
° Sometimes result is unique. ( A IS ) ) ( ) ( A )
G| J,R%, 2, WE) | (v, Z,h0 WERE) (LR, Z, W) | (1, R0, Z, R W)
° H resolve ambiguities?
oW to resolve ambiguitiest | 5 | Ji(1, 0, Z, b, W) | s (3, ZH0, W) (L RO, 2,0, W) G KO, Z, 1%, W)

X’ is R-Parity Odd

LH,X' LH! X'
BX! LLEX' QDLX'|UDDX’
LH, X' LH X'f
X0 ho, Z, 1t~ v(1,h0, Z), 15 (hF, WH)|v(1,h°, Z), 1= (hT, WTF) v T IGR |
I+ I+ hE, W hE, W v ji - |3 (1%,v)
X+ hEW* I+ I+ [E1H]—, *vy AGR2IEL
v |v(1,h%, Z2), IF(RTWT) hY, Z hY, Z It R AGR)
gl j(1,Rn° Z,hE, W) (%, v) (%, v) AT L o) | (1, v) ij
g | 4i(L,n°, Z,h* W) i, v) 3i(*,v) 35 (v, TR o) g (5, v) | g
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An Example: 1+ — =3

® Suppose LHC discovers a charged slepton LOSP with mass of 200GeV.
® Suppose slepton decays to lepton + missing energy.

® Suppose lifetime is measured to be 0.lsec,and m’ is reconstructed to be 100GeV.

Production Mechanism:

Low slepton mass ===> Cosmological Phase space chooses Fl rather then FO&D

Portal: [+
® Bino Portal: l~:_|: _______
b ~/
XL Same signal but with different
branching fraction.
= Which portal?
® Higgs Portal: l:.t .......
W
s i
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/
To get correct relic abundance from Fl: = (100 GeV) =25 571
mT m

So reconstructed lifetime 0.1sec is a factor of ten too big

m==2> Only 10% of DM abundance arises from Fl of LOSP decays

Could other measurements reveal that the remaining 90% arose from Fl of non-LOSPs!?

Measure the superpartner spectrum:

® The Portal coupling can be extracted from the slepton lifetime and measurement
of the neutralino mass matrix.

® Compute the yield of DM from Fl from decays of other superpartners.These yeilds
will differ for the Higgs and Bino portals.

> Then we could see if the yield from non-LOSP decays in one of
these portals accounts for the remaining 90% of DM.
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Freeze-In

L. Hall, K. Jedamzik, J. March-Russel, S.West [091 1.1 120]

FI via decay of bath particle to the FIMP: B; — By X

nxy +3Hnyx = /dHXdHBl dllp,(2m)*6" (px + PB, — PBy)

X UM‘ZBl—>B2+X fBl(l + fBg)(l + fX) _ ‘M’2Bg+X—>Bl fB2fX(1 + fBl)]

(B3, —m )2 /TaEy,

d3 r * mp
ny +3nxH =~ 931/ P Jol b, = 31/ b B
mp

(27T)3 VB,

2
o 9B, Mp, FB1

272

TKi(mp,/T)
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Bino Portal

X’ is the gauge field of a U(l)’ in the hidden sector:
L=\ / d’0 B*X! + \ / d?0 B°X'® D i\ be" 0,7 + Amgy)y b

Coupling depends on UV theory and can be made small enough for Fl

9i9. A
A = Log [ —
; 1672 08 (mz>

Shift to remove gaugino kinetic mixing: B B+ )\)’{'(/X

Hidden-Visible sector coupling induced in the interaction Lagrangian:
Ling = / d'o (cb;fe?%Bacbi + cb}’e?g;X&q>;)
= (@B g, 4 ol i ¥hat )

S b b+ he + GAE + ..

As well as mass mixing:  mbb — m;bb + Am; (l;f’ + h.c)

[Lint A (f/j + Ejl)} J = Zi:hid_den 9D ;
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Detection at the LHC

Depends on the nature of the LOSP

Charged/Colored LOSP:

K. Hamaguchi,Y. Huno, T. Nakaya M. M. Nojiri hep-ph/0409248

J.L. Feng, B.T. Smith hep-ph/0409278 ...

Lifetime and decay products can be measured for a large range of lifetimes 10-'? sec to 10
sec.

Electrically charged sleptons and charginos will produce charge tracks which can be used to
measure LOSP mass

LOSPs emitted with small velocities will lose their kinetic energy by ionization and stop inside
the calorimeter.

Proposals for stopper detectors to be built outside the main detector.

Neutral LOSP:

Prospects are highly dependent on LOSP lifetime

e ' 300GeV 1
For Fl the lifetime~10-2sec gives a decay length Ly ~ 10° meters x m/m °
0.25 m Neg
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